Background: Circadian rhythms regulate physiology and behavior through transcriptional feedback loops of clock genes running within specific pacemaker cells. In Drosophila, molecular oscillations in the small ventral lateral neurons (sLNvs) command rhythmic behavior under free-running conditions releasing the neuropeptide PIGMENT DISPERSING FACTOR (PDF) in a circadian fashion. Electrical activity in the sLNvs is also required for behavioral rhythmicity. Yet, how temporal information is transduced into behavior remains unclear.
Introduction
Rhythmic rest and activity cycles are the result of the action of roughly ten proteins that are the essence of the circadian clock and the coherent activity of about 150 neurons in the adult Drosophila brain, which assemble into the circadian network [1] . Clock neurons were originally identified by the expression of bona fide circadian clock components and were named after their anatomical position, although evidence of heterogeneity within each cluster has been reported [2, 3] . In recent years, efforts have been devoted to define the contribution of different clusters. The emerging picture suggests that the concerted action of a molecular clock running within each component of the circadian network is necessary for a plastic biological clock to respond to different environmental stimuli (such as light and temperature, revised in [4] ).
Under constant conditions, a key circuit for the rhythmic control of behavior is the LNv cluster [5] [6] [7] , which includes four small (sLNvs) and four large (lLNvs) neurons expressing the PDF neuropeptide and a fifth neuron, which lacks PDF and shares other properties common to the LNds [3] . PDF immunoreactivity in the sLNvs axonal termini changes throughout the day, suggesting that its transport, accumulation, or release is under clock control [8] . Because perturbing PDF function is associated with progressive arrhythmicity [5, 9] , desynchronization of ventral [10, 11] and dorsal oscillators [11, 12] , and direct effects on period length [9, 13, 14] , the relevance of this molecule in setting basic properties of rhythmic behavior is granted. However, additional mechanisms are likely to be in place to ensure rhythmic behavior under free-running conditions [15] . One possibility to convey time-of-day information to locomotor centers in the central brain is to control the excitability of different circadian clusters, which could be achieved directly through transcriptional regulation of ion channels [16, 17] ; in fact, the LNvs exhibit circadian changes in resting membrane potential [18] [19] [20] . This and other electrical properties have been shown to cycle in the neurons within the suprachiasmatic nucleus (SCN), the anatomical location of the central oscillator in the mammalian brain [21] [22] [23] [24] . Interestingly, it has been reported that affecting the excitability of the PDF circuit leads to complex rhythmic patterns [15, 25] and behavioral arrhythmicity [26] [27] [28] . In addition, circadian remodeling of the PDF axonal terminals, likely resulting in a change in synaptic contacts at different times in the day [29] , might offer another relevant link between the molecular oscillator and sustained rhythmic behavior.
A number of years ago it was reported that reducing membrane excitability through the expression of an inward rectifier K + channel (KIR) within the PDF circuit resulted in behavioral arrhythmicity and loss of rhythmic molecular oscillations [26, 27] . However, no effect on pacemaker function was observed after reversible blockade of action potential firing in cultured mammalian SCN neurons [30] and years earlier in intact animals [31] . Such striking difference in an intrinsic property of otherwise highly similar biological clocks prompted us to look into this matter further.
Considerable understanding of how the circadian network operates in the fly brain has emerged through genetic manipulations based on the GAL4/UAS system, ensuring gene expression during the development of the circadian network. However, altering intrinsic properties-such as membrane excitability-throughout development could potentially trigger compensatory mechanisms or have an irreversible effect on cellular viability. To circumvent such limitations, we engineered an inducible GAL4 chimera (termed GeneSwitch), allowing the temporal as well as spatial control of gene expression [32] . Thus, we generated a transgenic line pdfGeneSwitch (pdf-GS) to more precisely define the impact of reducing excitability of the PDF circuit in an adult-specific fashion, thus avoiding indirect effects. In this work, we report that silencing the PDF circuit through the expression of the inward rectifier K + channel KIR, acutely in the adult brain, gives rise to arrhythmic locomotor behavior without impairing the molecular oscillations in the sLNvs. Adult-restricted silencing also resulted in a decreased complexity of the arborization pattern of the PDF axonal terminals. Surprisingly, once kir expression was turned off, behavioral rhythmicity was restored to the phase of the initial light-dark (LD) entrainment, underscoring that the molecular clock was not affected throughout the treatment. Likewise, PDF levels were reduced through the silenced phase and its cycling was abolished. Both effects were restored upon deactivation, opening the possibility that PDF accumulation, transport, and/or release is coupled to changes in membrane excitability, which in turn restores behavioral rhythmicity. Strikingly, affecting excitability since early development on occasion brings the biological clock to a halt, likely as a result of secondary effects.
Results

Adult-Restricted Silencing of the PDF Circuit Results in Arrhythmic Behavior
To inquire about the direct consequences of altering essential properties of the PDF circuit during adult stages, we generated a transgenic line that allows expression of an inducible GAL4 version, termed GeneSwitch [32] , under the control of the pdf promoter [5] . GeneSwitch is a fusion between the GAL4 binding, the NFkb activation, and the human progesterone receptor ligand-binding domains, which is expressed in the pattern dictated by the desired promoter but remains transcriptionally silent in the absence of RU486 (RU), an analog of progesterone.
To address the consequences of acutely silencing the PDF circuit, we employed pdf-GS to drive expression of UASegfp-kir2.1 [33] . In the absence of RU, no GFP was detected ( Figure 1A , top panel). Systemic administration (i.e., in the food) of the activator RU resulted in the accumulation of EGFP-KIR as early as 12 hr post administration ( Figure 1A , middle panel), when the GFP signal was detectable in about 40% of the brains, mostly associated to the somas. By 16 hr post induction, about 60% of the brains expressed detectable levels of EGFP-KIR (data not shown), and this pattern became widespread both in somas and projections by 24 hr ( Figure 1A , bottom panel).
We next compared the effect of the new pdf-GS line driving UAS-egfp-kir2.1 (from now onward, pdf-GS > kir2.1) to that of pdf-GAL4 in terms of its effect on locomotor behavior. Newly eclosed flies were placed in standard food supplemented with either RU or vehicle (ethanol). A single copy of either transgene (control lines pdf-GS or kir 2.1) in the presence of RU as well as pdf-GS > kir2.1 in the absence of RU (vehicle) was clearly rhythmic (Figures 1B and 1C ; see also Figure S1 available online).
Silencing the PDF circuit with pdf-GAL4 driving UAS-egfpkir2.1 rendered about 20% of rhythmic flies under free-running conditions, similarly to what was observed after chronic activation of pdf-GS, that is, throughout development and in the adult animal (pdf-GS > kir2.1 Dev-Ad; see also [26, 34] ). Figure 1 . The pdf-GeneSwitch Inducible System Allows Modulation of Circadian Locomotor Activity (A) Activation kinetics of the pdf-GeneSwitch (GS) system. Representative confocal images of pdf-GS > egfp-kir2.1 brains dissected 0, 12, and 24 hr after transfer to RU486 (RU)-containing food and stained with anti-GFP (green) and anti-PIGMENT DISPERSING FACTOR (PDF) (red). LNvs (ventral lateral neurons) somas (upper inset) and dorsal axonal projections (lower inset) are displayed for each time point. Note that in shorter inductions (12 hr in food containing RU), higher laser intensity was used in order to detect EGFP-inward rectifier K + channel (KIR) signal. Unless otherwise indicated, the scale bar represents 10 mm.
(B and C) Acute silencing effectively impairs locomotor behavior. (B) Representative double-plotted actograms are shown. Flies were entrained for 3 days to 12:12 light-dark cycles (LD) and then monitored in constant darkness (DD) for 9 days. In the actograms, white bars represent day, black bars represent night, gray bars represent subjective day, and gray background represent constant darkness conditions. Above each actogram, a schematic diagram illustrates the treatment performed, highlighting the presence of RU (gray), vehicle (white), or standard medium (black) in the food during development (left bar) and adulthood (right bar). The following abbreviations are used: Dev, RU present during development; Ad, only in adult stages. (C) Percentage of rhythmicity. Data represent at least three independent experiments, and a minimum of 28 flies were analyzed. Error bars represent standard error of the mean (SEM). Triple asterisks (***) indicates significant differences with p < 0.001. See also Figure S1 .
Notably, reducing the excitability of the PDF circuit exclusively in the adult (pdf-GS > kir2.1 Ad) also resulted in a highly arrhythmic population, indistinguishable from that of pdf-GAL4 > kir2.1, along the lines of what was reported by Nitabach and colleagues, where adult expression of a spider toxin that leads to inactivation of the voltage-gated Na + channel paralytic results in complex behavioral rhythms and arrhythmicity [28] . Interestingly, the proportion of pdf-GS > kir2.1 flies still displaying behavioral rhythmicity showed a short period phenotype ( Figure S1 ), which is also consistent with previous observations [34] .
To confirm that kir2.1 expression was able to silence the LNvs, we directly measured the ability of the lLNvs to fire action potentials in an intact brain preparation. We performed cell-attached voltage clamp recordings of extracellular action currents to measure neuronal activity without altering the cytoplasmic milieu. Control (pdf-GS > CD8GFP) lLNvs displayed tonic and bursting action currents, consistent with the modes of firing characteristic of these neurons [19, 20] (Figure 2A ). However, overexpression of kir2.1 completely abolished neuronal activity. Interestingly, no differences were observed when kir2.1 expression was directed by either the inducible or the constitutive system, indicating that pdf-GS is as effective as pdf-GAL4 in silencing the lLNvs (Figures 2A and 2C ). To determine whether KIR-induced silencing affected neuronal viability, we recorded neuronal activity after blocking KIR channels with 200 mM BaCl 2 in the extracellular solution [35] . These recording conditions restored the ability of Kirexpressing neurons to fire action potentials, demonstrating that silenced lLNvs were still functional ( Figures 2B and 2C) . Therefore, these results demonstrate that both transient (pdf-GS > kir2.1) and persistent (pdf-GAL4 > kir2.1) expression of kir2.1 reliably abolish firing of PDF neurons without affecting their viability.
Taken together, these results suggest that acutely silencing the PDF circuit during postdevelopmental stages, after circuit establishment and refinement, results in incoherent network activity that translates into arrhythmic behavior.
Electrical Silencing of PDF Neurons Disrupts Circadian Locomotor Activity in a Reversible Fashion
The finding that an acute (adult-specific) effect on excitability of the PDF circuit was equally effective as a long-term one to trigger behavioral arrhythmicity prompted us to investigate whether its effect on the behavioral output was sustained in time. Flies were entrained for several days in the presence of RU and then transferred to constant darkness. We noticed that on occasion, control pdf-GS > CD8GFP flies (but not pdf-GS/+, Figure 3A , top left) in the presence of RU exhibited a distinct long period phenotype that returned to 24 hr upon transfer to vehicle-containing food (see also Figure 4A , top left). To the extent examined so far, this period phenotype was restricted to this genotype in the presence of RU and did not compromise rhythmicity ( Figure 4B ; Figure S2B ).
As shown earlier, flies expressing KIR under the pdf promoter (pdf-GS > kir2.1 Ad in Figures 1B and 1C ) became arrhythmic in the absence of environmental signals (DD [1] [2] [3] [4] [5] [6] [7] [8] , DD stands for constant darkness, Figures 3A and 3B ). When transferred to fresh test tubes containing no RU during the subjective day, under red safe light, flies initially responded with a marked reduction of activity. However, 3 days after transfer to regular food, the RU-treated pdf-GS > kir2.1 flies recovered rhythmicity to the levels exhibited during the untreated stage ( Figure 3B , compare untreated flies to those in DD 9-18 after RU treatment), in concert with the window required to clear most of the KIR associated signal in the axonal projections at the dorsal protocerebrum ( Figure S2A ). (C) Quantification of the firing rate for the genotypes and treatments described in (A) and (B). Statistical analysis was performed using the Kruskal-Wallis test followed by pairwise comparisons. Error bars represent SEM. Only silenced neurons (Kir2.1 expressing neurons without BaCl 2 in the external solution) show a statistically significant difference in the quantification of action potential currents. *p < 0.05 when compared to the CD8GFP genotype in the absence of Ba 2+ and n = 5 -11.
Interestingly, activity was recovered in a phase reminiscent of the one displayed under LD cycles. These results suggest that an acute effect on the excitability of the PDF circuit through the inducible expression of KIR postdevelopmentally affects the signaling and/or connectivity to downstream targets and results in behavioral arrhythmicity, which in turn can be reversed upon removal of the activator. These observations are consistent with the work by Schwartz and colleagues on the rat SCN [31] .
Long-Term KIR Expression Triggers Irreversible Effects on Locomotor Behavior
To establish the time window when silencing the PDF+ neurons irreversibly affects their output, we allowed pdf-GS > kir2.1 flies along with the proper genetic controls to develop in food containing RU or vehicle. Control pdf-GS > CD8GFP or UAS-kir2.1/+ maintained and tested in RU-supplemented food displayed highly rhythmic behavior ( Figures 4A and 4B ). Young adults were transferred to test tubes containing RU or vehicle and entrained for 3 days before releasing them in constant darkness for 8 days (DD [1] [2] [3] [4] [5] [6] [7] [8] . At this point, all experimental groups were transferred during the subjective day to new test tubes with no RU (Veh) and monitored for 10 additional days (DD [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] ). Above each representative actogram, the genotype and treatment are indicated. (B) Percentage of rhythmicity and average period in control and treated groups calculated for each free-running phase. ''n'' refers to the number of individuals analyzed per experimental group. Percentage of rhythmicity of pdf-GS > kir2.1 RU dev -Veh-Veh does not differ from control groups (pdf-GS > kir2.1 Veh dev -Veh-Veh and pdf-GS > CD8GFP RU dev -RU-Veh) in any of the DD phases analyzed (two-way ANOVA and Bonferroni correction). Additional induction during pupation did not increase the arrhythmicity observed in animals maintained in RU during development (data not shown). pdf-GS > kir2.1 RU dev -RU-Veh could not restore rhythmic behavior upon removal of RU (percentage of rhythmicity is statistically different from control groups on DD [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . p < 0.001 two-way ANOVA and Bonferroni correction). On the contrary, pdf-GS > kir2.1 Veh dev -RU-Veh restored rhythmic activity to control levels (percentage of rhythmicity does not show statically differences on DD [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Surprisingly, silencing the PDF circuit only through early development ( Figure 4A , bottom left; Figure 4B ) resulted in a highly rhythmic population, suggesting that the initial steps in circuit development (i.e., migration and initial establishment of connectivity) are not particularly challenged by a dramatic effect on its excitability. Noteworthy, although larvae had fed on RU-containing food up to third-instar stage, a CD8GFP-associated signal could be seen in the PDF somas several days later in newly eclosed adults (E.A. Gorostiza and M.F.C., unpublished data), which could be attributed to an activated expression due to a surplus of RU stored in the fat or, alternatively, to the inherent stability of the GFP protein.
In stark contrast, reducing electrical activity of PDF neurons from early development into adulthood resulted in a highly arrhythmic phenotype that could not be reversed upon transfer to standard food ( Figure 4A , bottom panel, on the right), likely indicative that irreversible changes to the physiology of the PDF neurons could have taken place. This observation contrasts with the arrhythmicity observed when restricting the silencing to the adult stage, which can be partially reversed upon removal of the activator (Figure 3 ; Figure 4A , bottom middle panel).
These results imply that there is a temporal window in which pacemaker neurons are capable of overcoming potential detrimental effects that result from prolonged and defective excitability.
Molecular Oscillations in Central Pacemaker Neurons
Remain Unaltered Despite Electrical Silencing Restricted to the Adult Reversible changes in locomotor behavior imply that either adult-restricted silencing of the PDF circuit did not affect the pace of the biological clock or, rather, that the molecular oscillations resynchronized upon removal of the RU. To examine this possibility, we monitored PERIOD (PER) accumulation and subcellular distribution on whole-mount brains of pdf-GS > kir2.1 flies by immunohistochemistry during the silenced period ( Figures 5A and 5B) as well as after recovery ( Figures  S3A and S3B ). Brains were dissected at circadian times (CT, indicates the hours in darkness accumulated after the last dark-to-light transition should have taken place) 5, 11, 17, and 23. Time courses were performed on DD4 (after 1 week on RU-containing food), to reflect the state of the molecular oscillator during the silenced phase, and on DD13, 4 days . Both groups display significant changes in PER nuclear localization throughout the day (one-way ANOVA with a Bonferroni post hoc test). PER intensity was significantly different at CT5 and CT11 with *p < 0.05. (C) Newly eclosed pdf-GS > kir2.1 flies kept either in vehicle or RU-containing food since early development (and into adulthood) were synchronized and samples were taken every 6 hr on DD9. The time point was selected to examine the state of the molecular oscillator at a point of no return with regards to locomotor behavior (see Figure 4) . Whole-mount brain immunofluorescence was performed to follow PDF (upper panel) and PER (middle) accumulation. The experiment was repeated six times (details of the specific experiments are included in Figure S3 ). Representative ones of the average levels shown in (D) were included. Scale bar represents 10 mm. (D) Plots display the average change in PER intensity in the nucleus and cytoplasm at each time point. Each value represents the average of six experiments including an average of ten brains per time point per experiment. Controls exhibit significant changes in PER nuclear localization throughout the day (CT17 versus CT23 p < 0.05). Although there were no significant differences between the two treatments, no oscillations in nuclear PER levels were found in the RU treated group in average. Error bars represent standard error of the mean (SEM). See also Figure S3 . after transfer to fresh tubes containing no RU. On DD4, PER expression in the small LNvs of pdf-GS > kir2.1 flies maintained in vehicle-containing food was found primarily in the nucleus at CT5 and also at CT11, albeit at lower levels. By CT17, PER increasingly accumulated in the cytoplasm of the sLNvs, and by CT23, it was found within the nucleus. Surprisingly, robust PER oscillations persisted in the presence of RU, resulting in a profile of PER accumulation undistinguishable from that of the noninduced controls, although the overall levels were slightly reduced, achieving statistical significance only at CT5 and CT11 for the nuclear signal ( Figures 5A and 5B) .
We also examined PER localization in acutely silenced pdf-GS > kir2.1 individuals during the recovery phase. Flies were kept in RU-containing food through the first week in freerunning conditions (DD [1] [2] [3] [4] [5] [6] [7] [8] in Figure 3 ) and dissected on the fourth day after transfer to vehicle-containing food (on DD13, corresponding to days DD [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] in Figure 3 ). Not surprisingly, the profile of PER accumulation in the small LNvs of animals kept in RU-containing food through DD [1] [2] [3] [4] [5] [6] [7] [8] paralleled that of the corresponding controls (kept in vehicle-containing food throughout the experiment) on DD13, with a clear change in nuclear PER levels and cellular distribution throughout the day even after 13 days under constant conditions; interestingly, no gross changes in the overall dynamics of PER oscillations became evident after the silenced phase; in fact, low amplitude oscillations in cytoplasmic PER levels were observed in both genotypes ( Figures S3A and S3B) , which contrasted to the high-amplitude cycling observed in DD4 ( Figure 5B) ; this is unlikely the result of defective neural activity because both genotypes displayed similar profiles.
These observations suggest that restricting KIR expression to adult stages disorganizes locomotor behavior without affecting the pace of intracellular oscillations in the core pacemaker cells.
To investigate the state of the molecular oscillator in flies whose rhythmicity could not be recovered, we followed PER localization in pdf-GS > kir 2.1 flies induced from early development into adulthood the day they should have been transferred to fresh vials containing no RU (DD9). The time point was selected to ensure evaluation of molecular oscillations at a point of no return with regard to locomotor arrhythmicity. As expected, nuclear PER levels cycled in control brains on DD9 ( Figures 5C and 5D ). However, on average, no molecular oscillations could be detected in flies that had been maintained in the presence of RU since early development (Figure 5D) . Interestingly, the lack of molecular oscillations resulted from a distinct pattern of PER accumulation in the nucleus among the different experiments within the RU treated group, rather than the absence of molecular oscillations per se ( Figure S3C, i-iii) . In three out of six experiments, low amplitude to no PER cycling was detected ( Figure S3C , iv and v and vi, respectively), suggesting that subtle differences in the effect of the persistent inactivation in turn triggered pleiotropic effects within the sLNvs.
In parallel, no clear sign of PER oscillation was detected in pdf-GAL4 > kir2.1 flies (Figures S3D and S3E ), in agreement with previously published data [26] . However, in our hands a constitutive PER nuclear signal was detected throughout the day, in contrast to the very low expression levels previously reported.
In sum, our data support the notion that prolonged KIR expression irreversibly affects behavior, likely through indirect effects on second messenger cascades, which in turn lead to impaired molecular oscillations.
Electrical Silencing of PDF Neurons Reduces the Complexity of Their Axonal Arbor
Altering intrinsic properties of a neuronal circuit such as its excitability could impinge upon the structure of the circuit, especially at times of circuit refinement and maturation. To examine whether adult-restricted kir expression affected the structure of the PDF circuit, we employed a membranetethered GFP version [29] . pdf-GS > CD8GFP and pdf-GS > CD8GFP; kir2.1 flies transferred to RU-containing food at least 2 days after eclosion were dissected at CT2 and CT14 on DD4. In control brains (pdf-GS > CD8GFP), the PDF circuit underwent circadian remodeling of the axonal arborizations at the dorsal protocerebrum as it has been reported [29] , exhibiting more numerous and likely higher order processes during the subjective day and fewer branches at subjective night ( Figures 6A and 6B) . Interestingly, pdf-GS > CD8GFP; kir2.1 brains displayed grossly normal projections. However, quantification of the degree of arborization [29] indicated that the total number of axonal crosses was reduced in the acutely silenced brains, displaying a degree of complexity during the subjective day, which resembled the nighttime configuration of a wild-type one. Interestingly, although overall less complex arborizations accompanied the silenced phase, circadian remodeling of the axonal terminals was still taking place ( Figure 6A, right panel) , which represents an additional indication that the molecular oscillator is still running ( Figures  5A and 5B ).
These observations indicate that electrical activity is required for the structural refinement of the PDF circuit and strongly suggest that silencing the circuit throughout development could irreversibly affect its structure and properties.
Electrical Silencing Affects PDF Levels at the Dorsal Terminals PDF immunoreactivity in the axonal terminals at the dorsal protocerebrum has been shown to oscillate in a circadian fashion both under LD and DD conditions [8] ; interestingly, its cycling is affected in mutants with impaired clock function [8] or altered membrane properties [12, 25, 36] .
To examine whether the adult-restricted effect on membrane excitability affected PDF levels at the axonal terminals, we performed immunohistochemistry on whole-mount adult brains dissected at times when PDF levels peak and reach a trough (CT2 and CT14) on DD4. Control pdf-GS > CD8GFP flies in the presence of RU exhibited a significant difference in PDF immunoreactivity at these two time points ( Figure 6C ). In contrast, PDF immunoreactivity at the dorsal terminals of the sLNvs of pdf-GS > kir2.1 flies kept in the presence of RU did not significantly vary from levels exhibited by control flies during subjective night; in fact, they were maintained constitutively low throughout the subjective day and night, thus demonstrating that an acute reduction of the excitability of the PDF circuit directly affected neuropeptide accumulation and/or release ( Figure 6C ).
Given that rhythmic behavior could be restored upon shutting down KIR expression (Figure 3) , we predicted that oscillations in PDF levels should accompany that recovery. As shown in Figure 6D , cycling PDF levels were observed both in control and previously silenced brains, with significant differences between CT2 and CT14 in both groups.
Taken together, these results indicate that reducing the excitability of the PDF circuit, specifically in the adult, does not cause long-term effects on two well-characterized clock outputs, PDF level and locomotor behavior. 
Discussion
Work from many laboratories has shaped the current view of the molecular clockworks. Although the relative contribution of specific molecular mechanisms is still a matter of debate [37] , it is clear that a transcriptional and translational negative feedback loop is key to give rise to and sustain molecular oscillations. Years ago it was proposed that circadian oscillations arise from interactions between ion transport systems across the cell membrane and the resulting ion concentration gradients (reviewed in [38] ). In fact, in support of such possibility, electrical silencing of a key pacemaker circuit in Drosophila stopped the free-running clock both in the larval [27] and adult brains [26, 34] , leading the authors to propose that active ionic conductances are an essential component of this cellular mechanism [38] . One potential caveat of those experiments is that they rely on the long-term expression of ion channels from early circuit development, which could not only trigger compensatory mechanisms to avoid net changes in excitability (reviewed in [39] ) but also trigger cell death [40] .
To more precisely examine the connection between the membrane and the molecular clock, we restricted KIR expression to adult stages. Such genetic manipulation rendered the flies as behaviorally arrhythmic as those expressing the channel from early circuit development ( Figure 1 ) and prevented action potential firing to a similar extent (Figure 2) . Interestingly, however, no effects were observed in the pace of the molecular oscillations after several days under freerunning conditions (i.e., on DD4, Figure 5A , and even in DD9, Figure S3C , i-iii), which, along with the reversibility observed once kir 2.1 expression was turned off in several affected outputs (free-running locomotor behavior, PDF immunoreactivity), strongly support the notion of an unaltered molecular clock during the silenced phase. In favor of an alternative interpretation of the original observations, we noticed a rundown in the molecular oscillations-and even no oscillations whatsoever-after prolonged KIR expression ( Figure 5B; Figure S3C, iv-vi) , opening the possibility that long-term changes on intrinsic properties of the neurons, likely through the alteration of second messenger cascades, as it has been shown in a different but also extreme condition [41] , ultimately impinge upon cell viability and thus indirectly result in abnormal clock function. In fact, adult-restricted silencing of the PDF circuit triggered morphological changes in second order processes, giving rise to a less complex arborization pattern ( Figures 6A and 6B) ; it follows that a more severe treatment, such as long-term KIR expression, could result in stronger structural phenotypes indicative of defective cell physiology [39] .
In addition, constantly low PDF levels could potentially account for the progressive run-down in molecular oscillations. Along this line, Taghert and colleagues showed that, in the absence of PDF, the sLNvs eventually desynchronize, becoming evident by DD6 [11] . Because acute electrical silencing of PDF neurons clamps the neuropeptide to trough levels that are insufficient to sustain synchronicity in dorsal oscillators (data not shown), affecting excitability for longer terms could eventually result in reduced amplitude oscillations and internal desynchronization in central pacemakers. In the mammalian SCN, evidence from different laboratories has lent support to the notion that membrane excitability or, more precisely, a certain degree of depolarization and activation of Ca 2+ and cAMP second messenger cascades, may be required for sustained molecular oscillations [42] [43] [44] . These observations underscore that intercellular communication is important to reinforce high amplitude molecular oscillations through synchronization of independent cellular oscillators [21, 45] , as opposed to being an essential component within the mechanism responsible for the generation of the molecular oscillations. Interestingly, it has been reported that, in a subset of SCN neurons, molecular oscillations of a circadian reporter still take place even in the absence of synaptic connectivity [46] , highlighting the autonomy of the molecular oscillator.
Circadian Control of Membrane Excitability as a Regulator of Clock Outputs
Adult-restricted silencing of the PDF circuit impairs locomotor behavior to a similar extent compared to constitutively silencing them, demonstrating that regardless of the overall levels of KIR achieved through the inducible system, short-term expression effectively prevents communication with other neuronal targets. Such a scenario offers the possibility to identify the direct consequences of reducing the excitability of the PDF circuit in a defined temporal window. Surprisingly, despite kir expression being limited to the adult brain, it correlated with axonal arbors of reduced complexity throughout the day in the dorsal protocerebrum, even though the circadian remodeling phenomenon continued to take place ( Figures 6A  and 6B ). The latter lends further support to the notion that no effect on the pace of the molecular oscillator became evident during the acutely silenced phase. In addition, adult-restricted silencing correlated with noncycling PDF levels. PDF is transported along the axonal tract in large dense core vesicles (DCV), which apparently are released outside of the chemical synapse [47] . Although no precise information is available on PDF, it is expected for neuropeptides to be released after high frequency stimulation, suggesting that during the silenced phase, the DCV would accumulate in the axonal terminals. Nitabach and colleagues proposed that the trough of PDF accumulation at dusk might represent the depletion of the PDF readily releasable pool, and it correlates with the time of day when the sLNvs are most hyperpolarized [20] . Interestingly, despite no release expected to occur while KIR is expressed, PDF intensity at the axonal terminals stayed at trough levels throughout the day, underscoring that reduced excitability affected additional steps such as peptide synthesis, processing, or transport (Figure 6C) . In favor of this possibility, hyperexcitation of the PDF circuit correlates with constantly high (daytime) PDF levels at the dorsal protocerebrum [25] . Moreover, once kir expression was turned off, PDF levels resume to cycle ( Figure 6D ), indicating a direct modulatory effect of membrane excitability on this specific output. In line with a defective output from the sLNvs [12, 36] , desynchronization of dorsal oscillators (i.e., the DN1s) became evident as early as in DD4 (data not shown). Gaining more insight into the mechanisms of communication within the circadian network [10, 11, 48] , as well as those connecting the cell membrane with the molecular clock [49] , will provide a better understanding on how these components interact to sustain temporal and spatial order to shape rhythmic overt behavior.
Conclusions
Taken together, these results confirm that in Drosophila, altering membrane excitability mainly affects the output of pacemaker cells and thus intercellular communication, as is the case in the eye of the mollusk Bulla [50] and the rodent SCN [31] , highlighting the degree of conservation in the mechanisms underlying the biological clock in distant organisms.
Experimental Procedures
Strains and Fly Rearing pdf-GAL4 and UAS-CD8GFP were obtained from the Bloomington Stock Center. UAS-egfp-kir2.1 [33] was provided by Dr. Blau (New York University). pdf-GS was generated in our laboratory (see below). Flies were grown and maintained at 25 C in vials containing standard cornmeal medium under 12:12 hr light:dark cycles, with the exception of those including RU486 (mifepristone, Sigma). In those experiments, food was mixed with RU in 80% ethanol to a final concentration of 200 mg/ml or with the same amount of ethanol (vehicle) in control treatments. To deliver RU to pupae, we performed an interior small incision in the pupal case and then pupae were immersed for 2 min in 1 ml of RU (4 mg/ml) as in [32] .
Generation of the pdf-GS Transgenic Line A 2,367 bp fragment containing the pdf promoter region (a generous gift from Dr. J. Park, University of Tennessee) was amplified from the P2.4-pBS plasmid [8] using the oligonucleotides 5 0 -GCGGCCGCGGATCCGT GGGTTTCATCCTTACC 23 0 (to add a NotI restriction site) and antisense 5 0 -ACGCGTGGATCCGTGGGTTTCATCC 23 0 (adding the MluI restriction site). The fragment was cloned into Zero blunt TOPO PCR (Invitrogen), then digested with NotI and MluI and subcloned into the pSwitch#1 (Drosophila Genomics Resource Center, Indiana University) vector between NotI (144), and MluI (221), then injected into y w embryos with pUChpsD2-3 helper plasmid. The genetic background was changed crossing the pdf-GS transgenic line to w 1118 for six generations to carry out behavioral analysis.
Locomotor Behavior Analysis
Flies were entrained to 12 hr LD cycles during their entire development, and newly eclosed adult males were placed in glass tubes containing standard food (supplemented with 200 mg/ml RU486 or vehicle, as indicated in each experiment) and monitored for activity with infrared detectors and a computerized data collection system (TriKinetics). Activity was monitored in LD conditions for 3-4 days, followed by constant darkness for at least a week (DD [1] [2] [3] [4] [5] [6] [7] [8] ). Phenotype rescue was assessed in flies that after spending one week on DD (DD [1] [2] [3] [4] [5] [6] [7] [8] ) were transferred to a fresh test tube under safe red light and monitored for additional 10 days (DD [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] ). Period and rhythmicity were estimated using ClockLab software (Actimetrics). Flies with a single peak over the significance line (p < 0.05) in a chi-square analysis were scored as rhythmic, which was confirmed by visual inspection of the actograms. Flies classified as weakly rhythmic as in Ceriani et al. [16] were not taken into account for average period calculations. Average rhythmicity for independent genotypes was evaluated employing a one-way analysis of variance (ANOVA) with a Bonferroni post hoc test. The corresponding p values are included in the figure legends.
Electrophysiology
Flies were kept at 25 C in 12 hr LD cycles. pdf-GS flies were induced with RU486 in the food for 7 days. pdf-GAL4 containing flies were kept on regular food and dissected 7 days after eclosion. Female flies were anesthetized with a brief incubation of the vial on ice; brain dissection was performed on external recording solution which consisted of (in mM) 101 NaCl, 3 KCl, 1 CaCl 2 , 4 MgCl 2 , 1.25 NaH 2 PO 4 , 5 glucose, and 20.7 NaHCO 3 , pH 7.2, with an osmolarity of 250 mmol/kg. After removal of the proboscis, air sacs, and head cuticle, the brain was glued ventral side up to a sylgardcovered coverslip using a few ml of tissue adhesive 3M Vetbond. All recordings were performed under a drop of external recording solution with no perfusion and between ZT2 and ZT9. LNvs were visualized by GFP fluorescence using a Leica DM LFS upright microscope. The lLNvs were distinguished from the sLNvs by their size and anatomical location. The surface glia directly adjacent to the lLNvs was digested with protease XIV solution (10 mg/ml, Sigma-Aldrich P5147) to allow the access of the recording electrode. Once the fluorescent lLNvs were identified, cells were patched under IR-DIC using a Hamamatsu ORCA-ER camera and Wasabi software. Cell attached recordings were performed using borosilicate glass pipettes (KG-33, King Precision Glass, Inc.) pulled to 8-9 MU using a Narishige PP-830 vertical puller. Data were acquired using an Axopatch 200B amplifier, Digidata 1322A, and pClamp 9.0 software (Molecular Devices). Cell attached configuration was achieved by gentle suction, and recordings were performed in voltage-clamp mode with no hold. Recording pipettes were filled with patch solution containing (in mM) 102 potassium gluconate, 17 NaCl, 0.085 CaCl 2 , 0.94 EGTA, and 8.5 HEPES, pH 7.2 with an osmolarity of 235 mmol/kg. To prevent a perforated patch effect produced by the high density of Kir2.1 channels in the patch, we added 200 mM BaCl 2 to the internal solution. Action potential currents were quantified using MiniAnalysis 6.0.3 software (Synaptosoft), for at least 30 s. No action potential (AP) currents were obtained in the kir2.1 expressing neurons (in some cases up to 8 min were recorded with no AP currents observed). To confirm that the kir2.1-expressing neurons were viable, we recorded firing rate with the addition of 200 mM BaCl 2 to the external solution. Traces shown in Figure 2 were digitally filtered after acquisition using a low-pass Bessel filter at 2,000 Hz.
Generation of Rat Anti-PDF Antiserum An N-terminal amidated synthetic PDF peptide generated by NeoMPS (France) was conjugated to bovine serum albumin (BSA) (in a 1:3 and 1:30 ratio) using glutaraldehyde, dialyzed against phosphate-buffered saline (PBS), and injected into rats. Specificity of the raised antisera in wholemount adult brain stainings was determined through comparison against rabbit anti-PDF (custom-made by NeoMPS, [29] ). The pattern is identical, although on occasion the rat anti-PDF shows a nonspecific labeling in the central and ventral regions in the adult brain.
Dissection and Immunofluorescence
For pdf-GS activation or inactivation experiments, animals were sacrificed at different times after being transferred to fresh vials supplemented with RU (0, 12, 16, and 24 hr) or after being removed from RU-containing food (0, 24, 48, and 72 hr), respectively. Adult heads were fixed with 4% formaldehyde in 100 mM phosphate buffer pH 7.5 for 45 min at room temperature (RT). Brains were dissected and rinsed three times in PBS with 0.6% Triton X-100 (PT) for 15 min. Samples were blocked in 7% normal goat serum for 1 hr in PT and incubated with primary antibody at 4 C overnight. The primary antibodies employed were rabbit anti-GFP 1:500 (Invitrogen) and homemade rat anti-Drosophila-PDF (1:500). Samples were washed 4 3 15 min in PT and incubated with secondary antibody at 1:250 for 2 hr at RT, and secondary antibodies were washed 4 3 15 min in PT and mounted in 80% glycerol in PT. The secondary antibodies used were Cy2-conjugated donkey anti-rabbit and Cy3-conjugated donkey anti-rat (Jackson ImmunoResearch). Images were taken either on a Zeiss Pascal LSM or a Zeiss LSM 510 Meta confocal microscope. The proportion of brains with PDF neurons expressing GFP was calculated at each time point.
For time course analysis, synchronized flies were released into freerunning conditions and brains were dissected on DD4, DD9, or DD13. Brains were fixed in 15 min windows centered on each reported circadian time. Immunohistochemistry was performed as previously described, but the PT buffer contained 0.1% Triton X-100. The primary antibodies were as follows: guinea pig anti-PDF-associated peptide (PAP) (1:500), rat anti-PDF (1:500), mouse anti-PDF (Developmental Studies Hybridoma Bank, 1:20), and rabbit anti-PER (1:1,000), generous gifts of Drs. P. Taghert and R. Stanewsky (for PAP and PER, respectively). The secondary antibodies were Cy5-conjugated donkey anti-mouse, Cy3-conjugated donkey antiguinea pig, Cy3-conjugated donkey anti-rat, and Cy2-conjugated donkey anti-rabbit (Jackson ImmunoResearch). Nuclear and cytoplasmic quantification of PER immunoreactivity in single focal planes was performed blind employing ImageJ (downloaded from the National Institutes of Health [NIH] website at http://rsbweb.nih.gov/ij/). Statistical analysis included a one-way ANOVA with a Bonferroni post hoc test.
For the analysis of PDF levels and assessment of the structural plasticity of the PDF circuit, immunohistochemistry was performed as described above, except that brains were rinsed 4 3 5 min in PBS plus 0.1% Triton X-100 after dissection. The primary antibodies used were rabbit anti-GFP 1:500 (Invitrogen) and rat anti-PDF 1:500. The secondary antibodies used were Cy2-conjugated donkey anti-rabbit and Cy3-conjugated donkey anti-rat (Jackson ImmunoResearch). For the analysis of PDF immunoreactivity at the dorsal projections all pictures were taken employing the same confocal settings, and quantification was performed as previously reported [29] . For experiments involving immunohistochemistry, quantifications were made blind to the operator. A two-way ANOVA with Bonferroni multiple comparison test was used to calculate the significance between the mean PDF intensities for each group. Logarithm transformation was applied to DD13 data to fulfill ANOVA requirements. Structural plasticity was analyzed as reported [29] . The number of total axonal crosses was compared by a two-way ANOVA with genotype and circadian time as factors. Normality was tested using Shapiro-Wilks test, and the homogeneity of variance was assessed with Levene's test. p < 0.05 was considered statistically significant. Statistical analyses were performed with InfoStat version 2009 (Grupo InfoStat, FCA, Universidad Nacional de Có rdoba).
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